nterohemorrhagic Escherichia coli (EHEC) is an important zoonotic pathogen in humans, causing self-limiting to severe bloody or nonbloody diarrhea which in some cases progresses to life-threatening hemolytic uremic syndrome (HUS) (1) (2) (3) , the most common cause of acute renal failure in children in the United States (4) . There are currently no effective therapies for EHEC in humans beyond supportive care, and antibiotics may exacerbate HUS development (5) (6) (7) (8) . E. coli serotype O157:H7 causes the majority of EHEC infections in North America (9) . With a lack of effective treatment, prevention of infection in humans is critical.
Cattle are the main reservoir of E. coli O157:H7 (10), and contaminated beef, unpasteurized dairy products, and produce such as spinach have all been implicated as sources of human infection (11) (12) (13) (14) (15) (16) . Healthy cattle transiently carry E. coli O157:H7 with no associated clinical signs and can shed it in their feces for a few days or up to a month or more (17) , causing contamination of hides, udders, and the environment. Studies evaluating prevalence of E. coli O157:H7 have shown 0.2 to 40% in dairy cattle, 0.3 to 27.3% in beef cattle, and up to 54% in ground beef (18, 19) . The primary site of colonization in cattle is the mucosa of the recto-anal junction (RAJ) in both naturally exposed and experimentally challenged cattle (20, 21) but can be distributed throughout the gastrointestinal tract (20) . While human infection with E. coli O157:H7 has decreased in recent years, due in part to active education and intervention methods, it is still a significant problem (22) . Human infection is preventable, and decreasing the colonization of E. coli O157:H7 at the RAJ in cattle is vital to decreasing the prevalence of food-borne infection in humans. Many methods of reducing hide and environmental contamination, including carcass washing, intestinal exclusion, antibiotics, and vaccines, have been tried with variable results (23) . An effective vaccine could drastically reduce or eliminate colonization and shedding of E. coli O157:H7 in cattle, contamination of food products, and infection in humans.
Colonization of E. coli O157:H7 in both humans and cattle is mediated by the interaction of intimin, a bacterial outer membrane protein, and the translocated intimin receptor (TIR) (24, 25) . Intimin is necessary but not sufficient for colonization of E. coli O157:H7 (26, 27) . Intimin has been shown to be a target of long-lived humoral immune responses in mice (28, 29) , and antibodies against intimin decrease fecal shedding of E. coli O157:H7 or are protective against colonization by E. coli O157:H7 and related bacteria in some animal models (30) (31) (32) (33) (34) .
Cattle experimentally challenged or naturally exposed to E. coli O157:H7 have measurable levels of mucosal immunoglobulin G (IgG) and IgA to intimin and secreted O157 proteins, (35, 36) implying that mucosal immunization of cattle with intimin may stimulate an effective mucosal immune response and be valuable as a potential vaccination method. The majority of commercially available vaccines, however, are administered subcutaneously or intramuscularly, and the systemic and mucosal lymphoproliferative responses in cattle following vaccination have not been characterized. To this end, we designed this study to evaluate both systemic and regional lymphoproliferative responses following subcutaneous or mucosal immunization with recombinant intimin and ovalbumin as a control protein.
MATERIALS AND METHODS

Animals.
Holstein steers, 4 to 9 months of age, were purchased from regional dairy producers. Twenty-five animals total were used over 3 trials. All animals were healthy throughout the duration of the study. Animals were monitored several times daily, and a veterinarian was on call in case of emergencies. Animals were housed and handled on Washington State University campus in accordance with IACUC-approved protocols.
Recombinant intimin production. All salts and chemicals used in producing recombinant intimin were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. Top10 E. coli cells (Invitrogen, Grand Island, NY) were transfected with a pBAD vector (Invitrogen) coding His-tagged full-length intimin, generously provided by Carolyn Hovde at University of Idaho. Transfected E. coli cells were cultured overnight on LB agar containing 50 g/ml of carbenicillin. Twenty milliliters of low-salt LB broth with 50 g/ml carbenicillin was then inoculated with a single colony and incubated overnight at 37°C with shaking at 225 rpm. The next day, this broth was added to 500 ml LB broth with 50 g/ml carbenicillin and incubated at 37°C with shaking at 225 rpm for 2 h. Protein expression was then induced by adding arabinose to a final concentration of 0.5% and incubating another 5 h. Culture broth was then centrifuged at 3,000 ϫ g for 30 min. The supernatant was discarded, and the bacterial pellet was stored at Ϫ20°C overnight. The bacterial pellet was resuspended in 25 ml of lysis buffer (6 M guanidine-HCl, 20 mM sodium phosphate, 500 mM NaCl, pH 7.8), transferred to a 50-ml conical vial, and sonicated at 350 W for 45-s pulses three times. The solution was then centrifuged at 3,000 ϫ g for 30 min and the pellet discarded. Protein was purified by mixing with 12.5 ml Probond resin (Invitrogen) for 45 min and then centrifuged at 910 ϫ g for 30 s. Resin was rinsed twice with 20 ml of binding buffer (8 M urea, 20 mM sodium phosphate, 500 mM NaCl, pH 7.8) and centrifuged at 910 ϫ g for 1 min. Resin was then washed twice for 2 min each with each wash buffer (8 M urea, 20 mM sodium phosphate, 500 mM NaCl, pH 6.0 and pH 5.3). Resin was resuspended in 7 ml of elution buffer (8 M urea, 20 mM sodium phosphate, 500 mM NaCl, pH 4.0) and added to a Probond column (Invitrogen). Eluant was collected and concentrated to 2 ml using Amicon Ultra 10-kDa molecular-mass-cutoff protein concentrator centrifugation tubes (Millipore, Billerica, MA) and dialyzed against 1ϫ phosphate-buffered saline (PBS) (pH 7.3) overnight in Silde-A-Lyzer G 2 dialysis cassettes (Thermo Scientific, Rockford, IL). Protein purity was verified by Coomassie stain and Western blotting, and protein concentration was determined by Bradford assay (Bio-Rad, Hercules, CA).
Immunization schedule. The immunization schedule for all trials is summarized in Table 1 . Trial 1 was designed to compare systemic lymphoproliferative responses using peripheral blood mononuclear cells (PBMC) and local lymphoproliferative responses using cells from the mesorectal lymph nodes (MRLN) that drain the RAJ in animals immunized either subcutaneously or rectally with intimin. To this end, a known potent subcutaneous adjuvant (Freund's) and mucosal adjuvant (cholera toxin B subunits [CTB]) were used. Two groups of three animals each were immunized on weeks 0, 3, and 6. Rectally immunized animals received 100 g each of recombinant intimin and ovalbumin. Intimin was conjugated to CTB (Sigma-Aldrich, St. Louis, MO) in a 2:1 intimin-CTB mixture by weight, suspended in 1.0 ml of sterile 1ϫ PBS, and applied approximately 3 to 5 cm inside the rectum. Subcutaneously immunized animals received 33 g each of intimin and ovalbumin in a 1.5-ml total volume. Freund's adjuvant (Sigma-Aldrich) was used as the adjuvant at a ratio of 1:1 (complete for initial immunization, incomplete for subsequent immunizations), administered under the skin of the neck on alternate sides. Trial 2 was designed to more directly compare systemic and local lymphoproliferative responses following immunization with intimin using the same adjuvant both subcutaneously and rectally. Two groups of three animals each were immunized at weeks 0, 3, and 6. Rectally immunized animals received 100 g each of recombinant intimin and ovalbumin with Toll-like receptor 7/8 agonist, R848, Resiquimod (InvivoGen, San Diego, CA) at 5 mg/ml combined in a vanishing cream applied approximately 3 to 5 cm inside the rectum. Subcutaneously immunized animals received 33 g each of intimin and ovalbumin in a 1.5-ml total volume oil emulsion with 50 g/ml of R848 administered on the neck. An additional three animals were given 1.5 ml of R848 agonist at 5 g/ml with no protein, subcutaneously at weeks 0, 3, and 6. Trial 3 was designed to more closely approximate the time between calfhood vaccines and vaccines given upon arrival to a feedlot. Again we examined both systemic and local lymphoproliferative responses as well as peripheral responses in the prescapular lymph nodes (PLN). Two groups of five animals each received an initial subcutaneous immunization of 100 g each of intimin and ovalbumin in 1.5 ml R848 at 5 g/ml at week 0 on the left side of the neck. Then, at weeks 8 and 11, one group received subcutaneous immunizations and the other group was immunized rectally. Subcutaneously immunized animals received 100 g each of intimin and ovalbumin in 1.5 ml R848 at 50 g/ml on the left side of the neck. Rectally immunized animals received 300 g each of intimin and ovalbumin combined in a vanishing cream formula with R848 at 5 mg/ml as the adjuvant. The cream was applied to the mucosa approximately 3 to 5 cm inside the rectum.
Sample collection. Samples were collected weekly, including at least 1 week before immunization and at the time of euthanasia and necropsy. Blood samples were collected weekly from the jugular vein to obtain serum and PBMC. Following the full course of immunization (9 weeks for trials 1 and 3 and 11 weeks for trial 2), animals were euthanatized and necropsied. At necropsy, multiple MRLN were collected. Cells were isolated from fresh lymph nodes and used immediately. In trial 3, the draining and contralateral PLN were also collected, and cells were harvested from fresh tissue. a Summary of treatments for each trial group. In trial 1, complete Freund's adjuvant was used in the first immunization, and incomplete adjuvant was used for subsequent immunizations. In the rectal groups of trial 3, all animals received one subcutaneous immunization (100 g protein), and subsequent immunizations were mucosal applications of 300 g of each protein.
Serum collection. Blood was collected and allowed to sit at room temperature overnight. Serum was collected and stored at Ϫ20°C.
Isolation of PBMC. PBMC were collected as previously described using the buffy coat method (37) . Briefly, 60 ml of blood was collected into a syringe containing 2.0 ml 0.5 M EDTA (Invitrogen, Grand Island, NY). The whole blood was centrifuged at 1,200 ϫ g for 30 min at 10°C. The buffy coat was isolated and diluted at least 1 to 3 with phenol red-free Hanks' balanced salt solution (HBSS) with 2 mM EDTA. Cells were underlayed with Histopaque (Sigma-Aldrich) and centrifuged at 900 ϫ g for 30 min at 10°C. PBMC were removed from the interface, diluted with HBSS solution, and centrifuged at 500 ϫ g for 15 min at 10°C. The cell pellet was washed with 1ϫ PBS solution 3 to 4 times and finally resuspended in complete Roswell Park Memorial Institute (RPMI) 1640 medium and kept on ice until used or frozen.
Isolation of lymphocytes from lymph nodes. Mononuclear cells were isolated from lymph nodes as previously described (38) . Briefly, lymph nodes were removed at necropsy and placed immediately in ice-cold PBS. Lymph nodes were washed, and the capsule and large vessels were removed. Lymph nodes were manually broken down into small pieces, placed in RPMI 1640 with collagenase II (Invitrogen), and incubated for 30 min at room temperature for collection of lymphocytes. Lymph nodes were swirled in medium to loosen cells from the tissue to create a slurry. Large debris was removed, and slurries were centrifuged for 8 min at 220 ϫ g at 10°C. Cells were washed 2 to 3 times with HBSS, resuspended in complete RPMI 1640 medium, and kept on ice until used or frozen.
Measurement of anti-intimin and anti-ovalbumin antibodies in serum via enzyme-linked immunosorbent assay (ELISA).
Each well of 96-well microtitration plates (Nunc; Thermo Fischer Scientific, Rochester, NY) was coated with 50 l of either intimin or ovalbumin at 10 g/ml in a 7.5 mM Na 2 CO 3 , 17.8 mM NaHCO 3 coating buffer overnight at 4°C. Wells were washed with1ϫ PBS with 0.05% Tween 20 (Sigma-Aldrich) followed by 1ϫ PBS and blocked with 0.5% casein (nonfat dry milk) and 0.05% Tween 20 for 1 h at room temperature. After being washed with 1ϫ PBS with 0.05% Tween 20 followed by 1ϫ PBS, 50 l of serially 2-folddiluted serum samples and corresponding negative controls were added in triplicate and incubated for 1 h. Following washing with 1ϫ PBS with 0.05% Tween 20 followed by 1ϫ PBS, wells were incubated with 50 l of either recombinant G protein (rGP) (Invitrogen), sheep antibovine IgG, or IgA conjugated to horseradish peroxidase (HRP) (AbD Serotec) at a dilution of 1:500 for 1 h at 37°C. After a final wash with 1ϫ PBS, color reactions were developed by adding 100 l/well of TMB substrate (SureBlue TMB microwell peroxidase substrate; Kirkegaard and Perry Lab, Gaithersburg, MD). After 15 min, reactions were terminated by adding 100 l of 1% HCl. Optical densities were then measured at 450 nm. Titers were determined based on the highest consecutive dilution to be greater than average of the corresponding dilution of the negative control plus 2 standard deviations (based on a per-plate negative control).
Proliferation of PBMC and lymph node cells after in vitro stimulation. Proliferation assays were performed as described previously (39) . Briefly, cell suspensions were adjusted to 4 ϫ 10 6 cells/ml and seeded (50 l/well) in U-bottom 96-well cell culture plates (Nunc) and were incubated with 50 l/well intimin or ovalbumin at 10 g/ml in triplicate for 6 days. A total of 50 l/well of concanavalin A (ConA) (Sigma-Aldrich) at 5 g/ml and T-cell growth factor (TCGF) at a final dilution of 10% were used as positive controls, and an irrelevant recombinant protein from Babesia bovis, merozoite surface antigen 1 (MSA1), at 10 g/ml was used as a negative control. To measure proliferation, cells were radiolabeled for the last 8 to 18 h of culture with 0.25 Ci [3H]thymidine (Dupont New England Nuclear, Boston, MA). Radiolabeled cells were harvested onto glass filters by using a cell harvester (Tomtech, Hamden, CT), and radionucleotide incorporation was measured with a Betaplate 1205 liquid scintillation counter (Wallac, Gaithsburg, MD). Results are presented as the stimulation index (SI), representing the average count per minute (cpm) of sample divided by mean cpm of antigen-free medium control.
Statistical analysis. Statistical analyses were performed using the onetailed Student t test for lymphoproliferation data from PBMC or MRLN cells, comparing cells stimulated with antigen to cells stimulated with medium. Responses were considered significant at a P value of Ͻ0.05 if the SI was greater than 2 and the average cpm was at least 1,000. The Mann-Whitney rank-sum test was used for the comparison of groups of nonparametric serum titers. Differences were considered significant at P values of Ͻ0.05, using the Bonferroni correction for multiple comparisons when appropriate. Pearson's correlation coefficient was calculated to evaluate correlation of systemic antibody and lymphoproliferative responses over all trials.
RESULTS
Trial 1.
In trial 1, the goal was to compare the induced immune responses to intimin between subcutaneous immunization and rectal immunization ( Table 1 ). All animals were seronegative to intimin and ovalbumin at week 0 (not detected by ELISA at a 4-fold dilution) ( Table 2) . No animals had significant PBMC responses to either protein at week 0 or 1, whereas responses to ConA and TCGF indicate T cells were viable (Fig. 1A and data not shown).
Trial 1 local lymphoproliferative responses. Since the RAJ is the primary site of colonization of E. coli O157:H7 in cattle (20) , and the RAJ drains to the MRLNs, cells freshly harvested from these lymph nodes at euthanasia at week 9 postimmunization were cultured with intimin, ovalbumin, and positive and negative controls for 6 days, and local lymphoproliferative responses were measured. PBMC from all animals responded to at least one of the positive controls, and surprisingly, the responses of the MRLN cells to intimin and ovalbumin were comparable between groups immunized either subcutaneously or rectally. In the subcutaneously immunized group, MRLN cells from two of three animals had significant responses to intimin, and MRLN cells from one animal had a significant response to ovalbumin (Fig. 1B) . In the rectally immunized group, MRLN cells from two of three animals had significant responses to intimin, and the same two animals had significant responses to ovalbumin (Fig. 1B) . In both groups, the responses to intimin and ovalbumin followed similar trends, although overall responses to ovalbumin were less robust. The similar MRLN responses to the two proteins suggest the immunization was successful, and responses to intimin are due to immunization and not natural exposure. The responses observed in the MRLN in the mucosal group were not surprising; however, the comparable responses in the subcutaneous group were unexpected.
Trial 1 systemic lymphoproliferative responses. To evaluate systemic induced immune responses in vaccinated animals and compare them with local responses, PBMC were harvested from blood at week 9 to measure responses to the proteins following immunization. PBMC from all animals responded to at least one of the positive controls, and all animals showed increasing proliferative responses over the course of immunization, with five of six animals showing significant responses to intimin starting at week 7, and responses to ovalbumin followed a similar trend (data not shown). At the time of euthanasia at week 9, all three animals in the subcutaneously immunized group had significant responses to intimin, and two of the three had significant responses to ovalbumin (Fig. 1C) . In the rectally immunized group at week 9, two of the three animals had significant responses to intimin, and two of the three had significant ovalbumin responses (Fig. 1C) . As expected, subcutaneous immunization resulted in systemic re-sponses, while the comparable systemic responses to intimin and ovalbumin following mucosal immunization were not anticipated. The similar local and systemic responses following rectal or subcutaneous immunization suggest either method may be a viable way to induce immune responses to E. coli O157:H7 in cattle that may reduce shedding when challenged.
Trial 1 serum titers. All animals in trial 1 were seronegative for both intimin and ovalbumin at the time of immunization (Table 2) . At the time of euthanasia at week 9, all animals in the subcutaneously immunized group had intimin-specific total Ig titers that were significantly increased from week 0. Similar trends, but overall less robust responses to ovalbumin, were seen in these animals as well. The anti-ovalbumin antibody titers were also all statistically significant increases from week 0 ( Table 2) . Rectally immunized animals had lower but still statistically significant final antiintimin total Ig titers but undetectable anti-ovalbumin serum titers. Serum titers from subcutaneously immunized animals were overall significantly higher than those of the rectally immunized group, as expected.
Trial 2. Following trial 1, where systemic and local immune responses were induced by both rectal and subcutaneous immunization using CTB and Freund's adjuvant, respectively, we compared responses to the two vaccination routes (Table 1) using the Toll-like receptor 7/8 agonist (R848) as the adjuvant in both groups, as this adjuvant has been shown to be effective in humans when used mucosally or subcutaneously (40, 41 ). An additional three animals received adjuvant only (Table 1 ). All animals were seronegative for intimin and ovalbumin at week 0 (Table 2) . PBMC from the six calves immunized with proteins did not have significant responses to intimin or ovalbumin at week 0 ( Fig. 2A) . In contrast, PBMC from all three animals receiving adjuvant only had low but statistically significant responses to intimin but not to ovalbumin at this time point (Fig. 2A) , suggesting these three animals may have been naturally exposed to E. coli O157:H7 prior to immunization, even though the animals were seronegative (Table 2) .
Trial 2 local lymphoproliferative responses. As in trial 1, the responses to intimin and ovalbumin in regional lymph nodes were surprisingly comparable between the subcutaneously and rectally immunized groups. MRLN cells from all animals responded to at least one of the positive controls, and in the subcutaneously immunized group, MRLN cells from two of the three animals had significant responses to intimin, and cells from all three animals a Serum titers for intimin and ovalbumin were measured at week 0 and at the time of euthanasia in each trial (ND, not detected). Titers were determined by ELISA by comparing serial dilutions of the serum samples to corresponding dilutions of a known negative serum. Titers were determined as the last consecutive sample dilution to be greater than the same negative sample dilution plus two standard deviations. Asterisks indicate a significant titer increase postimmunization (P Ͻ 0.001). Carats and double carats indicate that titers from subcutaneously immunized groups are significantly greater than those from the rectally immunized groups (P Ͻ 0.05 and P Ͻ 0.001, respectively).
had significant responses to ovalbumin. In the rectally immunized group, MRLN cells from all animals had significant responses to intimin, and cells from two of the three animals had significant responses to ovalbumin (Fig. 2B) . In animals receiving adjuvant only, MRLN cells from one of the three had significant responses to intimin, which is likely due to natural exposure, and no animals had cells that responded to ovalbumin (Fig. 2B) , confirming that ovalbumin responses are due to immunization while intimin responses have the potential to be due to exposure. Trial 2 systemic lymphoproliferative responses. Animals in trial 2 show response trends similar to those of animals from trial 1. Cells from all animals responded to at least one of the positive controls. In the subcutaneously immunized group, cells from all three animals had significant responses to intimin, which were generally similar to or less robust than MRLN cell responses at the same time point, and cells from one animal had a significant response to ovalbumin (Fig. 2C) . In the rectally immunized group, cells from all three animals had significant responses to intimin, and cells from one animal had a significant response to ovalbumin (Fig. 2C) . In animals receiving adjuvant only, cells from two of the three animals had significant responses to intimin, most likely from natural exposure, and none had significant responses to ovalbumin (Fig. 2C) , again confirming that responses to ovalbumin are due to immunization, while responses to intimin can be due to natural exposure.
In these first two trials, subcutaneous immunization resulted in more consistent systemic responses, as expected; however, at the time of euthanasia, the MRLN lymphoproliferative responses tended to be equal to or greater than the systemic PBMC responses. This raised the question of whether this was a targeted response or a generalized response throughout all lymph nodes. This question was addressed in trial 3.
Trial 2 serum titers. All animals were seronegative to both intimin and ovalbumin at the time of immunization (Table 2) . At the time of euthanasia at week 9, all animals in both immunization groups had significant anti-intimin and anti-ovalbumin antibody titers. While serum antibody responses were stronger in the subcutaneous group as expected, overall, titers between subcutaneous and mucosal groups were not significantly different. In animals receiving adjuvant only, all animals were seronegative at weeks 0 and 9 (Table 2) .
Trial 3. In trial 3, the immunization schedule was altered to more closely mimic the time between calfhood vaccines and vaccine administration on feedlots (Table 1) . Also, since in both previous trials the proliferative responses from the MRLN were similar to or more robust than the systemic responses, peripheral and MRLN responses were evaluated to better elucidate if this was a generalized lymph node response or possibly targeted to the MRLN. To this end, all subcutaneous immunizations were administered on the left side of the neck, and PLN, both draining the immunization site (left) and contralateral (right), were collected at the time of euthanasia to compare to MRLN proliferative responses. All animals were seronegative for ovalbumin at week 0 (not detected by ELISA at a 4-fold dilution) ( Table 2 ). Five of 10 animals were also seronegative for intimin at week 0, while the other five animals had anti-intimin antibody titers of 40 or were undetected (Table 2) . PBMC from two other animals had statistically significant responses to intimin at the time of the first immunization (Fig. 3A) , suggesting possible natural exposure to E. coli O157:H7 prior to immunization. Trial 3 local lymphoproliferative responses. MRLN cells from all animals harvested 3 days following the final immunization at week 11 responded to ConA, and MRLN cells from all animals in both groups had significant responses to intimin (Fig. 3B) . In the subcutaneously immunized group, MRLN cells from four of five animals had significant responses to ovalbumin, and in the rectally immunized group, MRLN cells from three animals had significant responses to ovalbumin (Fig. 3B) .
Trial 3 systemic lymphoproliferative responses. In the subcutaneously immunized group, cells from two of five animals had significant responses to intimin, and cells from one animal had a significant response to ovalbumin (Fig. 3C) . This was one of the animals that also had MRLN responses to ovalbumin. In the rectally immunized group, cells from three of five animals had significant responses to intimin, and cells from one animal had significant responses to ovalbumin (Fig. 3C ). This animal also had a significant response to ovalbumin in the MRLN.
Trial 3 peripheral lymphoproliferative responses. Since in trials 1 and 2 both subcutaneous and rectal immunization resulted in local lymphoproliferative responses, we wanted to determine if this was a generalized response or targeted to the MRLN. Toward this end, at the time of euthanasia (3 days following the final immunization at week 11), cells were freshly harvested from the draining and contralateral PLN, and lymphoproliferative responses to proteins were measured. Overall, responses to intimin by MRLN cells in both groups (Fig. 3) were much more robust than the responses in PLN, either draining or nondraining (Fig. 3) . In the subcutaneously immunized group, draining PLN cells from two of five animals had a significant response to intimin (Fig. 4A) , while draining PLN cells from only one animal had a significant response to ovalbumin. This was not one of the two animals with a significant response to ovalbumin in the MRLN. The nondraining PLN cells did not respond to ovalbumin (Fig. 4B) . In the rectally immunized group, draining PLN cells from one of five animals had a significant response to intimin, and no cells from any animals had significant responses to ovalbumin (Fig. 4A ). There were no significant responses to intimin or ovalbumin by nondraining PLN cells (Fig. 4B) . It was unexpected that only 3 days after the final immunization, there were few animals that had statistically significant responses by draining PLN cells from the subcutaneously immunized group since previous studies have shown vigorous lymphoproliferative responses in draining PLN 3 days following subcutaneous immunization (42) . It was also surprising that there were consistently significant responses in the MRLN, even to ovalbumin. In addition, there were no responses by cells from contralateral lymph nodes, suggesting that this was a targeted rather than generalized response. The MRLN responses to intimin may have developed subsequent to natural exposure; however, the ovalbumin responses indicate that immunization was effective and at least partly responsible for the apparently targeted MRLN lymphoproliferative responses.
As in both previous trials, both groups had comparable responses to intimin in the MRLN, and these responses were generally more robust than the systemic PBMC responses. These findings, along with the minimal responses to both proteins in the PLN, were consistent with this being a targeted response to MRLN and possibly the RAJ.
Trial 3 serum titers. Three animals in the subcutaneously immunized group and two in the mucosally immunized group had anti-intimin antibody titers of 40 at the time of immunization, and all animals were seronegative to ovalbumin at this time (Table  2) . At the time of euthanasia 3 days after the final immunization at week 11, all animals in the subcutaneously and rectally immunized groups had significantly increased anti-intimin and antiovalbumin antibody titers compared to those at week 0 (Table 2) . Overall, titers from the subcutaneously immunized group were significantly higher than those of the rectally immunized group (Table 2) .
In all trials, intimin-specific antibodies were induced by both rectal and subcutaneous immunization and were found in some animals that received adjuvant only, showing that natural exposure also led to a humoral immune response. Antibody responses had a very weak positive correlation with systemic PBMC responses (Pearson's correlation coefficient R ϭ 0.1024), so cellular responses cannot be extrapolated by evaluating humoral immune responses only. Ovalbumin-specific antibodies were less consistent but developed only in immunized animals.
DISCUSSION
This study has shown that subcutaneous and mucosal immunization with intimin and ovalbumin induced comparable lymphoproliferative responses in the MRLN in cattle and induced systemic humoral and cellular responses in both groups. The response patterns to the different antigens were fairly consistent across all three trials, using different immunization timelines, adjuvants, and formulations, and in animals that may have been previously exposed to E. coli O157:H7, based on antibody titers and lymphoproliferative responses. The animals with low antibody titers to intimin at the start of trial 3 may have been previously exposed or currently colonized with E. coli O157:H7, providing a secondary means of inducing immune responses. However, the observed responses were attributed at least in part to experimental immunizations due to the animals' responses to ovalbumin, which they were not exposed to at any other time before or during the trial. Also, immunization resulted in humoral, local, and systemic lymphoproliferative responses, whereas apparent natural exposure in the group receiving adjuvant resulted in local and systemic lymphoproliferative responses only. While, in general, responses to ovalbumin in these trials showed similar although less robust trends compared to responses to intimin, they confirmed that immunization was successful in some animals. The lack of response to ovalbumin in animals receiving adjuvant only showed that adjuvant alone did not lead to any response that cross-reacted with ovalbumin. Concurrent or previous exposure to E. coli O157:H7 may be considered a confounding variable in an immunization study but, when dealing with this highly prevalent bacteria (18, 19) , likely represents a real-world scenario. Besides E. coli O157:H7, other organisms that express ␥-intimin, such as enteropathogenic E. coli and Citrobacter rodentium (43) (44) (45) , may also induce immune responses in exposed animals. Given the conserved nature of the protein, the ideal vaccine would be one that induces significant responses in both naïve animals and acts as an effective booster in animals previously exposed to intimin by natural infection.
The MRLN were chosen to represent the local mucosal immune response because of the difficultly of reliably measuring mucosal antibodies or lymphoproliferative responses from the RAJ (unpublished data). The RAJ contains dense lymphoid tissue, but our laboratory has had limited success with consistently harvesting enough viable cells to use for lymphoproliferative studies, and cultures were often contaminated. Similarly, while there is support for mucosal swabs being effective for measuring mucosal antibody levels (46), our laboratory found swabs to be inconsistent and greatly influenced by the amount of fecal material in the rectum at the time of swabbing. As the draining lymph nodes for the RAJ, the MRLN are the next closest site to measure the local lymphoproliferative responses. Similarly, serum antibody levels may be a viable method of predicting mucosal antibody levels, especially IgG1, which has been shown to be secreted into the intestine and contribute to clearance of rotavirus in cattle (47) (48) (49) . Further studies would be needed to evaluate the potential protective role of secreted IgG1 against E. coli O157:H7 and how serum titers correlate with intestinal concentrations following vaccination in cattle.
Interestingly, in this study, the responses in the cells from the MRLN appear to be targeted following immunization rather than being a generalized response in all lymph nodes. Only 3 days after the final subcutaneous immunization, animals had consistent lymphoproliferative responses in the MRLN, while only two of 10 animals had significant responses in the PLN draining the immunization site, and no animals had significant responses in the contralateral PLN. While not all animals had significant PLN responses to the positive-control antigens (concanavalin A and TCGF), which was consistent over multiple assays, the majority of animals that did respond to the positive controls did not have significant responses to intimin or ovalbumin. This may have to do with the different populations of cells in the MRLN and PLN, and further studies would be needed to fully characterize the potential differences. While mucosal immunization has been well documented to induce both local and systemic immunity, it is generally accepted that parenteral immunization does not reliably result in strong mucosal responses. However, some studies show that parenteral immunization with certain adjuvants, typically vitamin D3, induces strong, protective mucosal immune responses toward bacterial agents in mice (50) . Also in mice, TLR7/8 agonists, including R848, induce mucosa-directed responses to parenterally delivered antigen when applied topically (51) . To the authors' knowledge, this is the first time this TLR7/8 agonist has been investigated as an adjuvant in cattle.
Studies show that cattle develop antibodies to E. coli O157:H7 proteins following vaccination with E. coli O157:H7-secreted proteins (33) or experimental challenge (52) . Anti-E. coli O157:H7 antibodies have also been shown to decrease colonization and protect against experimental challenge in animal models (30) . Additionally, a recent study by our group has shown that systemic lymphoproliferative responses to E. coli O157:H7 proteins, including intimin, EspA, EspB, and TIR, are induced by natural exposure and that in both experimental challenge and natural exposure, lymphoproliferative responses in the MRLN are comparable to or more robust than systemic responses (unpublished data). The animals in these three immunization studies showed similar antibody production and systemic and local lymphoproliferative responses as those seen in challenged or naturally exposed animals in previous trials in this lab. These findings indicate that mucosal or subcutaneous immunization or a combination of the two with E. coli O157:H7 proteins results in local immune responses with the potential to decreased colonization and shedding in cattle if used as a vaccine, as has been demonstrated in multiple studies using a subcutaneous vaccine composed of E. coli O157:H7-secreted proteins that decreased probability of colonization and shedding in cattle in feedlot settings (33, (53) (54) (55) (56) . However, intimin was not included in this formulation, and only systemic antibody responses were measured in these studies, so the levels of systemic and lymphoproliferative responses are unknown. Future studies evaluating the role of lymphoproliferative responses as well as humoral responses in protection against colonization may lead to an even more effective vaccine formulation, which could reduce or ideally eliminate the reservoir of E. coli O157:H7 in cattle and greatly increase food safety and decrease disease in humans.
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